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An analysis of experimental data shows that, in addition to phonon–roton excita-
tions in superfluid helium, there necessarily exist at least one branch of elementary
excitations whose energy spectrum strongly depends on temperature. On this basis,
the Landau superfluidity criterion is generalized for several branches of elementary
excitations, taking into account that the critical velocity should vanish during the
phase transition of liquid helium from the superfluid state to the normal state. We
suppose that a new spectrum of excitations with a gap, depending on interparticle
interaction, corresponds to the transition of helium to superfluid state. This gap
exists only in superfluid state and disappears at the transition temperature Tλ. The
phonon-roton branch of excitations has no crucial influence on superfluidity. Ro-
tons, as well as phonons, are not the specific excitations for the superfluid helium,
but exist as universal excitations in liquid state, and form the continuous branch of
excitations in different liquids. This point of view is confirmed experimentally and
numerically.
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I. INTRODUCTION
More than 70 years have passed since Landau [1, 2] has formulated the phenomenologi-
cal superfluidity theory. However, the problem of constructing the consistent superfluidity
theory satisfying all known experimental facts has not yet been solved (see, e.g., [3–5] and
references therein). The main and unchanged postulate of the Landau theory is the state-
ment that superfluid helium is a quantum fluid consisting of a superfluid component moving
without friction (and not involved in the energy transfer in the form of heat) and a normal
component moving with friction (and involved in heat transfer). Two-liquid hydrodynamics
developed on this basis made it possible to explain many experimental data (see, e.g., [6]).
Another no less important postulate of the phenomenological Landau theory [1] is the
statement that the normal component in superfluid helium is a gas of elementary excitations
characterized by the dependence of the energy spectrum ε(p) on the momentum p. From
this statement, it immediately follows that, if the superfluid component velocity reaches the
critical velocity Vcr defined from the condition
Vcr = min (ε(p)/p) , (1)
superfluidity breakdown occurs. Thus, at velocities V > Vcr, the superfluidity phenomenon
cannot be observed. This statement [1] is known as the Landau superfluidity criterion.
In [2], Landau proposed the phonon–roton spectrum ε(p) of elementary excitations for
superfluid helium, whose linear region at small momenta p is attributed to phonons; the
maximum and minimum of this curve are attributed to maxons and rotons, respectively.
Taking into account the statement by Feynman [7] about the relation of the spectrum of
elementary excitations to peak positions of the dynamic structure factor S(p, ω), the shape
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3of the phonon–roton spectrum of elementary excitations, predicted by Landau, was con-
firmed in the experiments on inelastic neutron scattering in superfluid helium [8, 9].
The typical parameters of the phonon–roton spectrum in superfluid helium are: the speed of
sound, which defines the phonon spectral region, c ≈ 250 m/s, the roton gap ∆p−r ≈ 8, 6K,
and the critical velocity related to the roton gap. In this case, the critical velocity V expcr
observed in superfluid helium can be hundred times lower than the critical velocity re-
lated to the roton gap V
(p−r)
cr ≈ 60 m/s (see [10] for more details). We note that maxima
V expcr ≈ (2÷3) m/s in ultrathin films and capillaries were observed at temperatures T < 1K
(see [11] for more details); in the case of superfluid helium flowing through holes a few mi-
crometers in diameter in thin partitions, critical velocities Vcr ≈ (8÷10) m/s were fixed [12].
However, such radical difference of these values from Vcr related to roton gap necessitated
the search for the other superfluidity breakdown mechanism unrelated to roton excitation.
After the key study by Onsager [13], Feynman [14] proposed the assumption that the
quantum of action should enter to the phenomenological Landau theory through the con-
ditions of superfluid component velocity quantization. The corresponding conditions are
postulated and were confirmed experimentally [15, 16]. As a result, the superfluidity break-
down during superfluid helium motion is currently associated with the generation of ex-
tensive Onsager–Feynman quantum vortices or closed vortex filaments (loops, rings) [11],
which, in particular, allows the description of the experimental dependence of the critical
velocity on the capillary hole size at which the superfluidity breakdown occurs. However, as
noted in [3], such an explanation is inapplicable to the case of ultrathin capillaries in which
quantum vortices with the superfluid velocity slowly decreasing with the distance from the
vortex axis cannot be generated. Such situation [3] is similar to the problem of critical cur-
rents in superconductors of the second type, where Abrikosov quantum vortices do not fit
into thin superconducting filaments whose thickness is smaller than the London penetration
depth of the magnetic field [17].
In our opinion, to explain the experimental data on the critical velocity, we should take
into account the possible existence of at least one more branch of elementary excitations
in superfluid helium. As will be shown below, it is not the only cause necessitating the
consideration of other branches of elementary excitations.
4II. BRANCHES OF ELEMENTARY EXCITATIONS
According to the above discussion, let us generalize the Landau superfluidity criterion
formulation, since several branches of elementary excitations can exist in superfluid helium.
Then, among all possible critical velocities V
(α)
cr determined by the shape of the spectrum for
each elementary excitation branches ε(α) (superscript α), our interest will be in only those
providing minimal value of V
(α)
cr . Hence, V
(α)
cr entering relation (1) is determined from the
condition
Vcr = min(α)V
(α)
cr , V
(α)
cr = min
(
ε(α)(p)/p
)
, (2)
. Therefore, we note that Landau in his first paper [1] assumed the existence of two types
of elementary excitations in superfluid helium: phonons associated with the potential fluid
motion and rotons associated with vortical fluid motion (see Fig. 1 and detailed description
in [3–5]). However, within this model, he failed to quantitatively describe the experimental
data on the speed of the second sound which was measured with high accuracy by Peshkov
[18]. Therefore, in his next paper [2] Landau assumed the existence of only one type of
excitations with phonon–roton energy spectrum. In this case, the roton spectral region
should not be associated with vortical motion [19].
We also note that numerous attempts of the theoretical prediction of the existence of
one more branch of elementary excitations in superfluid helium were undertaken. They are
based on the hypothesis of the Bose–Einstein condensate existence in superfluid helium. In
particular, this leads to the gap in the energy spectrum of degenerate weakly nonideal boson
gas at small momenta associated with Bose–Einstein condensate (see [20–23] and references
therein). In the alternative version (see [24] for more details and references therein), the
model of nonideal gas with boson pair condensation is similar to Cooper pairing of electrons
in superconductors [25].
At first sight, the development of this theory of superfluid helium as a single-component
boson liquid is prevented by the Hugengolz–Pines theorem [26] according to which the gap
cannot exist in the energy spectrum of such a system at small momenta. However, it should
be kept in mind that the Hugengolz–Pines theorem proof [26] is conceptually based on
the Bogolyubov’s statement [27] about the possibility of replacing the boson creation and
annihilation operators by C-numbers at zero momentum. In fact, this means that a system
with the other Hamiltonian is considered instead of the initial degenerate boson liquid. At
5p
Figure 1: Spectrum of superfluid He excitations with the gap ∆, proposed in [1]
the same time, such a theorem has not yet been proved based on the diagram technique
by Belyaev for the boson system [28] in which Bogolyubov’s statement [27] is not used.
In proving the theorem, Hugengolz and Pines [26] ”simplified” the diagram technique by
Belyaev [28], using the above Bogolyubov’s statement [27] (see [29] for more details). We
note that the results of [27, 28] can be obtained without the use of ”anomalous averages”
for degenerate weakly nonideal boson gas [30]. Thus, the validity of the Hugengolz–Pines
theorem [26] for the boson system with the initially written Hamiltonian cannot currently
be considered as proved.
Furthermore, in the case of the spectral gap, corresponding elementary excitations give an
exponentially small contribution to the physical quantities at temperatures close to absolute
zero. For the same cause, such excitations are almost absent when considering the zero
temperature for which the Hugengolz–Pines theorem was proved [26].
Attention should also be paid to the fact that the Landau superfluidity theory [1, 2] is
unrelated to the hypothesis of the Bose–Einstein condensate existence (see [5, 6] for more
details). Thus, we have no any constraints for the statements concerning the existence of
several types of elementary excitations in superfluid helium.
From this point of view, the papers by Glyde and Griffin [31, 32] based on the exper-
imental data [33–35] should be noted. They put forward the assumption on the different
physical nature of the phonon and maxon–roton spectral regions, proposed by Landau [2].
According to Glyde and Griffin, the phonon spectral region characterizes collective sound
excitations, while the maxon–roton region is controlled by single-particle excitations. The
single curve results from ”hybridization” of these two excitation branches (see also [35, 36]).
However, the experiments on inelastic neutron scattering [34, 35, 38] show that the
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Figure 2: The position of the maximum in the dynamic ion structure factor in liquid rubidium at 320 K:
full circles are the experimental data of Copley and Rowe [43], vertical bars are the experimental data of
Glaeser et al. [44], solid curve is the numerical calculation of the dispersion equation [45].
phonon–roton spectrum of elementary excitations very weakly depends on temperature up to
the temperature T > Tλ = 2.17K of the superfluid-to-normal state transition for all values
of momenta, including the phonon and roton spectral regions. Furthermore, phonon–roton
excitations also exist at the temperature T > Tλ where liquid helium is in the normal state
[39]. There are also experimental results on inelastic neutron scattering in liquid metals,
where the phonon–roton spectrum of elementary excitations [40–42] was detected. On this
basis the essential conclusion has been formulated in [45], where the phonon-roton spectrum
of liquid rubidium was calculated and compared with the respective experimental results
(see Fig.2 [45]). The rotons are not the specific excitations in superfluid helium, but exists
as also phonons in different liquids. The continuous phonon-roton branch of excitations is
a universal branch of excitations in liquid state of matter. Similar excitations were also
experimentally detected in the two-dimensional Fermi liquid [46].
Let us pay attention that the Landau superfluidity criterion (1), (2) is in fact the superflu-
idity breakdown criterion, since it initially assumes the existence of superfluidity. Otherwise,
if we take into account that well-defined acoustic elementary excitations (phonons) exist in
any liquid, we would obtain a nonzero critical velocity equal to the speed of sound in a
corresponding liquid in the absence of the other branch of excitations, giving a zero critical
velocity. This consideration also shows the necessity of the existence of several branches of
elementary excitations.
In this case, according to the Landau theory [1, 2] the helium superfluidity at tem-
7peratures T > Tλ is caused by the presence of the superfluid component whose density,
according to available experimental data, depends strongly on temperature (see, e.g., [10]).
At the same time, the dependence of the critical velocity on temperature in the Landau
theory is not discussed [47].
III. GENERALIZATION OF THE LANDAU SUPERFLUIDITY CRITERION
To clarify the situation, it should be taken into account that the spectrum of elementary
excitations in the normal component is a function of not only the momentum p, but also
the thermodynamic parameters of the system under consideration, e.g., the temperature T ,
i.e.,
ε(α) = ε(α)(p, T ). (3)
This statement is a direct consequence of the general definition of elementary excitations
as weakly damping poles of the analytic continuation of Green’s temperature functions
(see, e.g., [48]). Hence, the critical velocity Vcr determined from relation (2) is also a
function of thermodynamic parameters,Vcr = Vcr(T ). We further take into account that the
superfluidity phenomenon is absent at the temperature T > Tλ, i.e., the liquid is normal.
Therefore, we should claim that
Vcr(T > Tλ) = 0. (4)
Statement (4) is confirmed by experimental data on measurements of the critical velocity
V expcr as the function of temperature for superfluid helium flowing through micrometer holes
[49, 50]. Thus, we can formulate the generalized Landau superfluidity criterion exactly as the
superfluidity criterion, rather than the superfluidity breakdown criterion, in the following
form: if the spectra of elementary excitations in liquid, taking into account (2), (3), satisfy
the conditions
Vcr > 0 for T < Tλ, Vcr = 0 for T > Tλ, (5)
then the corresponding liquid at temperatures T < Tλ is superfluid; therewith, the super-
fluidity breakdown occurs at velocities V > Vcr.
Taking into account the above-discussed experimental data, phonon–roton elementary
excitations do not satisfy the superfluidity condition (5). Hence, at least one branch of
8elementary excitations, in addition to the phonon–roton branch, should satisfy condition
(4) in superfluid helium. To provide conditions (4), the Landau superfluidity theory [1, 2]
contains an appropriate quantity, i.e., the superfluid component density ns, for which the
condition
ns(T > Tλ) = 0. (6)
is satisfied.
Figure 3: Phonon–roton spectrum and the expected spectrum of elementary excitations with the gap ∆int
(helons [53]) depending on the interaction and temperature at p = 0 . At the transition temperature, the
gap vanishes, ∆int(T = Tλ) = 0
Then, we can assume that the energy spectrum of sought elementary excitations is defined
by the quantity ns(T ) at temperatures T > Tλ. For dimension reasons, we can construct
several energy dimension quantities based on the superfluid component density ns(T ), in
particular, h¯2n
2/3
s /m and h¯
2Lns/m, where L is the so-called scattering length which is com-
pletely defined by the interparticle interaction potential of helium atoms.
As an appropriate candidate for the role of elementary excitations whose energy spectrum
strongly depends on temperature, the so-called second sound which is a characteristic feature
of superfluid helium can be considered. The speed of the second sound is directly related
to the superfluid component density (see [1, 6, 10] for more details). However, the question
arises, whether temperature waves (or entropy waves) of the second sound can be consid-
ered as elementary excitations similarly to phonon–roton excitations which characterize the
energy spectrum of an equilibrium liquid.
In our opinion, temperature waves of the second sound cannot be considered as elemen-
tary excitations in the meaning adopted in the Landau theory. Here we have in mind that
9Figure 4: Position of the dynamic structure factor maximum of superfluid helium at 1.2 K. The solid line is
the experimental phonon-roton spectrum, the circles are the positions of ”quasi-free” maxima from [51,52],
the dashed curve is the assumed one for the helon excitations in HeII [53].
the energy spectrum of elementary excitations is controlled by poles of equilibrium Green’s
functions, which, in particular, manifest themselves in the dynamic structure factor S(p, ω).
At the same time, the second sound is a consequence of the interaction of elementary excita-
tions in the non-equilibrium state of superfluid helium. In particular, the second sound was
not detected in the experiments on inelastic neutron scattering, since its excitation requires
external heating with varying temperature.
Furthermore, if the second sound is considered as one of the branches of elementary
excitations, according to the Landau superfluidity criterion, the superfluidity breakdown
would occur due to temperature fluctuations, which, to our knowledge, is not experimentally
observed. In this case, the speed of the second sound at a temperature of 1, 8K 1.8 K is 20
m/s [10] which also does not agree with the experimental data on the critical velocity.
The question arises about any experimental information which would confirm the exis-
tence of one more, along with the phonon–roton, branch of elementary excitations which
would be consistent with the generalized Landau criterion. In our opinion, such is the branch
of excitations, corresponding to the so-called ”quasi-atomic” scattering can exist in the form
which is shown on (the upper curve on Fig. 3). The dependence of the energy spectrum
of these excitations which were detected in the experiments on inelastic neutron scattering
[51, 52] is close to the spectrum of the free helium atom and is monotonic (see Fig. 4).
In [53] we showed that such type excitations, which we called helons, for large transferred
momenta is closed to the ”quasi-atomic” scattering, but has a gap at p = 0 (Fig. 3). Helons
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can provide singularity in heat capacity of superfluid helium at the transition temperature
Tλ. Numerous attempts were undertaken to construct a microscopic description of such a
branch of excitations in the model of the weakly nonideal boson gas using the Bose–Einstein
condensate [54–57]. However, from the viewpoint of the generalized Landau criterion, the
behavior of this spectrum at small momenta is most significant due to its monotonicity. The
Landau criterion validity requires that the corresponding spectrum would be characterized
at small momenta either by a linear region or a gap. Unfortunately, experimental values
for the spectrum of ”single-atom” scattering are currently available only in the region of
momenta characterized by wave vectors k > 1.5 A−1 [51, 52].
IV. CONCLUSIONS
In this study, based on an analysis of experimental data, it is shown that, in addition to
phonon–roton excitations in superfluid helium, at least one branch of elementary excitations
whose energy spectrum strongly depends on temperature should necessarily exist. The
Landau superfluidity criterion was generalized for several branches of elementary excitations,
taking into account that the critical velocity should vanish during the phase transition of
liquid helium from the superfluid state to the normal state. It was assumed that the validity
of the generalized Landau criterion in superfluid helium is provided by the branch of ”quasi-
atomic” excitations, which was detected in the experiments on inelastic neutron scattering.
For this reason, it become particularly urgent to experimentally confirm the existence of
elementary excitations in superfluid helium, whose energy spectrum is directly related to
the superfluid component density and provides the fulfillment of the generalized Landau su-
perfluidity criterion (5). In the experiments on inelastic neutron scattering, of most interest
is the study of small momenta.
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